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SorOOnt regeneration is an important step in copper oxide flue
gas cleanup proces..\"e5 because poor regeneration peifonnance
could require higber sorbent circulation rate and inventory,
resulting in increased process costs. This article describes a
countercurrent moving-bed regenerator model using natural
sas as the reducing asent. The model incorporates several
.cts important for predictins tbe regenerator perfonnance,
sucb as gas e.:Ipansion effects, deviation from jirst-order kinet-
ics u'itb respect to copper sulfate. and mass transfer limitations.
The sorbent residence time predicted b)' this model is in sood
asreement with data obtained from tbe life-cycle test system at
the Federal Energy Tecbnology Center. The tests conducted
include effects of reactor temperature, the methane to copper
sulfate feed ratio, and sorbent residence time, on sorbent
regeneration. The regenerator modelins also details tbe impact
of sas velocity on the reactor peifonnance.

both SO, and NOx issions as compared to other flue gas
cleanup processes, 'ch use two separate processes to curtail
502 and NOx' The m Wlg-bed process is capable of simultane-
ously removing 9'J!/o land 95% NOx from coal-flIed combus-
tor flue gas.

The Copper Oxi e processes have been studied and tested
for some time, and revious efforts have mainly focussed on
developing and tes' g the absorption step, Testing of the flu-
idized-Bed Copper 'de Process ranged from laboratory exper-
iments to process-d lopmental-scale integrated operation [1-31.
The Moving-Bed Co r Oxide Process is cwrendy being tested
in the life-<:ycle test stem at the Federal Energy Technology
Center (FCTC) [4 -61. The other important reaction step in these

INTRODUCTION

Copper Oxide Hue Gas Cleanup processes use copper oxide

(CuO) supported on alumina spheres for the simultaneous

removal of sulfur dioxide (SO2) and nitrogen oxides (NOJ from

flue gas (Figure 1). These processes are dry and regenerable,
and the recovered sulfur can be sold as either sulfuric add, liq-

uidS02, or elemental sulfur. depending on particular applica-
tions. Therefore, these processes have an advantage over wet

SCl1Jbbing processes in that they do not generate solid wastes, a

factor that will become increasingly important as landfill costs

become more expensive. Another advantage of the copper

oxide processes is the simultaneous removal of S02 and NOx.

The sorbent absorbs S02 and acts as catal)'st in reduction reac-

tions for high NOx remo\-aI. Therefore. CuO processes have the

potential to offer a more effident and economical way to reduce FIGURE 1. Schematif diagram of copper oxide process.



moving solid sorbent. The ?verall reduction reaction is

CuS04 + 1/2C1f4 -Cu + S02 +

1/2C02+ H2O 1

(4)

Markussen et al.; (SJ have~ eloped the following kinetic model

for the regeneration rea tion using the data obtained in a

microbalance SWdy and a gmuir-Hinshelwood mechanism:

~ = -~CA
(5)

~P. .~- l +KP, +K2Pso.1 CR. (6)

processes is the regenerator. Because the regenerator efficiency

will affea the sorbent cirrulation rate. sorbent inventory require-

ment. and the associated attrition loss. it will have a significant

impact on the overnll process cost. For example. in a previous

Life-Cycle Tes[ Uni[ opera[ed at FETC using a fluidized-bed

absorber and a continuous coun[ercurrent moving-bed regener-

ator. only lOO/C}-500/o of the spent sorbent fed [0 the regenerator

was reduced at 45()OC for a residence time as long as one to tWo

hours. This indicates that sorbent circulation rates are several

times higher than the theoretical flow required to achieve the

desired SOl removal [7]. Thus. for future process development,

there is a strong incentive to improve the regeneration efficiency.

Markussen et al., carried out a comprehensive study of sor-

bent regeneration kinetics using methane as the reducing agent

in a microbalance test installation [5]. Their main efforts focused

on the impact of various mixtures of reactant and product gases

that occur in real regenerators, and a new kinetic equation was

established that considers the effects of the concentrations of

SO2 and ~ on the reaction kinetics.
In contrast to the microbalance kinetic study where the

reagent gas concentrations are weU-controlled. the concentra-

tions of reactants and products vary from point to point in a

real countercurrent moving-bed regenerator. Additionally, the

gas velocity in regenerators may also be different from that in

the kinetic study. In order to predict the overaU performance,

such as estimating the sorbent residence time for a required

sorbent regeneration, a regenerator model is required. A

model formulation is reported here. It retains the main features

of the newly developed kinetics. and that considers the devia-

tions from flfSt-order kinetics with respect to CUSO4 at moder-

ate and high sorbent conversions, the gas expansions, and the

slowdown in reaction rate at low gas velocity. The model's pre-
dictions are in good agreement with the data obtained in

FETC's life-cycle test system. The developed model can be

used to provide the information required for plant design and

optimization, and will also help in identifying issues that need

to be addressed to improve regeneration performance.

where CA- mole con 'on of CUSO41
Paioj , Psoz -partial p of ffi4 and SO2 respedively,
KI' K2 -the adsorption. .brium COll5tants for ffi4 and 5021

respectively,
k2 -the product of the bili1y of reaction and the

adsorption' .brium constant for ~ (KJ.
This kinetic equation. ers from one given previously [7J in

that the CO2 inhibition t has been eliminated because the
recei1t studies [5) have ~ d that the presence of Caz in the gas
stream has little or no effi on the fust-order rate coosrant [8).

The equation shows fllSt-order behavior with respect to
CUSO4 concentration. he concentration of CUS04 can be
expressed by CA-CAQ (1- ) where Do is the molar concen-
tration of CUS04 at the eactor sorbent inlet, and X... is [he
CuSO4 fractional convers on. The kinetic equation in [erms of

X... is written as

~-~(l-XA) (7)

with k. given by Eq. 6.

Table 1. vqlues for kll k2. and K2
BASIC REAcnONS AND MODIRED REGENERATION KINETICS

[n a copper oxide flue gas cleanup process, CuO reacts with

S02 and oxygen to form copper sulfate (Cu50~. This 502-

removal reaction occurs in the absorrer at approximately 4OOOCo- K2

(aun-l)
Kll

(a~l)
Temperature

(0(:)

k2

(min-l atm-l)
(1)CuO + S02 + 1/202 -+ CuS04

0.71
1.38
2.79

8.41
5.19
3.00

450
480
510

~.07 .56

.05

Catalytic reduction of NOx to nitrogen by ammonia (NHy is
achieved in the absorber. Both CuSO4 and CuO act as catalysts

in the reduction reactions.

(2)4NO + 4NH) + O2 -4N2 + 6H2O In Table 1 [6], kik1 and k2 are given for three different

temperatures.
In this report, tWo m .Oltions to me regeneration kinetics

are introduced: (1) The- iation from the flrst-{)rder reaction
kinetics is considered, (2 Analytic formulas for me temperatUre
dependence ofk2, Kt,an K2 were established so that me kinetic
equation can be applied 0 different temperanll"eS oilier than the

three tempemtures in me microbalance snldy.

2NOz + 4NH) + Oz -3Nz + 6HzO (3)

The sulfated sorbent is then regenerated at 45()05000c with

methane (in the form of natural gas) in a moving-bed reactor,
where t.'1e reducing gas flows countercurrent (0 the downward



r=
dX

foX.,
1.2 Ug 1+ !l (X,,-X"))PQf x.2 4.

( (I-X,,)-xI e .
.u -v x. (24)(a + (:lXA)

1

xl ~ A

l+E!(XA, -XA)

where a, ~, ~ and v are given earlier in the section on simula-
tion of countercurrent .g-bed regenerators.

Using Eq. (24). a r uired sorbent residence time can be
determined for a given t regeneration efficiency. This ~ a
one-dimensional integral that can be easily evaluated. The other
properties, such as the gas com~ition can be determined
by using the mass ba1an e Eq. (15) and (16). For example, the
Saz and ~ flow rates given byfor Ug < 0.7, where Ug is the gas velocity (ft/sec). For Ug <

0.7, we choose ~-l. The curve shows ~ drops rapidly for
small gas velocity, and available data at that region are
scarce. The effective rate constant kleff will be the product
of kl and the apparent rate factor, kleff- ~k1. It is interesting
to observe that the square root dependence on gas velocity
is consistent with the fact that the mass transfer coefficient
kg is approximately proportional to the square roo[ of gas
velocity. [The factor for mass [ransfer,jo. is deflrIed as

FSO2. = fAoXAo

and

1
--F X

2 A. A.
Fat., = F at.~

COMPARISONWlTHUFE TESTS

FETC's life-cycle ests have generated a significant
amount of useful dat on the Copper Oxide Flue Gas
Cleanup Processes. P metric smdies with the regenerator
have been conducted varying the sorbent residence time,
the methane to sulfur ratio, and the reactor temperature.
Results provide valua Ie information for the simulation
model and guidance r designing scale-up systems. The
sorbent regeneration e ficiency in the regenerator is calcu-
lated by analyzing sor nt sulfur content at the inlet and the
outlet of the regene ator (or at inlet and outlet of the
absorber) during stead -state conditions. Regeneration effi-
ciency is defmed as (S -SouJ/SIn X 100% where Sin is Wt.%
sulfur in sorbent at inl t to the regenerator and SOUl is Wt. %
sulfur in sorbent at ou et of the regenerator. It is noted that
a certain amount of su r is fIXed with the sorbent substrate
and cannot be regene ted, as the reaction betWeen the S02
and the alumina h s been documented by several
researchers [10,11]. Te ts conducted at FETC indicated that
the lowest residual su r content of the regenerated sorbent
is 0.6% by weight fo the sorbent used in tests reported
here, and this amount of sulfur is believed to be flXed with
the substrate. The m ured sulfur content minus 0.6% gives
the unregenerated su r content. The comparisons of pre-
dicted sorbent regene tion efficiencies versus experimental
data fmdings are s .ed in Table 2.

[9], where kg is the mass transfer coefficient, Milt is the mean
molecular mass, P fA is the film pressure factor, Sc is Schmidt
number, G is the superficial mass flow velocity. Engineering
correlation for a packed bed of spheres indicates that
jD-1.66 (Re)~.Sl [9] where

dG
Re=:::;E.:;:..

J.l.

is the Reynolds number, dp is the particle diameter. This cor-
relation indicates that kg is approximately proportional to
(jD.49,] At low velocity, the mass transfer resistance becomes
a dominant factor, and its effect on the overall rate constant
is manifested. Because of the gas expansion effect, the
apparent rate factor should vary with height z. Using
Eq. (19), we have

wh~re Ugo is the inlet natural gas velocity.
Incorporating the effect of the gas velocity I the resi-

dence time is given by the following integral

regenerator is 15.6 in. and the gas velocity is estimated to be
about 0.02 fL'sec.1 while the gas velocity in the kinetic study
was around 0.7 ft/sec [9). The low gas velocity in the regener-
ator will cause a lower partial pressure of natural gas and
higher partial pressures of S02 and C~ on the sorbent sur-
face as compared to those in the bulk phase. These effects
can reduce the reaction rate. The microbalance data [8] did
show a significant drop in the rate constant (kJ when the gas
flow rate was reduced from 2600 to 1000 sccm (Figure 6). In
theory. the pressure difference across the gas film can be esti-
mated through calculations based on engineering correlations
[9]. The pressure differences have to be evaluated at each
point because they depend on the rate of reaction and the
concentrations of all gas species at that point. In this model,
we take a more direct approach by introducing an apparent
rate constant factor ~, which is the ratio of observed rate con-
stant to the kinetic rate constant free of mass transfer effects.
At 45()oC, the data in Figure 6 can be fit with



Tclble 2. Regenerator Parametric Test Condition!;

Test MBCUO-41 MBCUO-~

1 2 3 4 7 81 1 2

Flue gas, scfm 110.7 111 110.9 110.5 112.4 112.4 111 107

Regenerator, temp, of 839 851 845 850 876 815 857 851

Natural gas flow, lb/h 0.6 0.60.45 0.3 0.6 0.6 0.6 0.6

Residence time, min 180 180 180 120 60 61() 120 120

Sorbent flow, lb/min 0.75 0.75 0.75 0.75 0.75

-0.1$

0.75 0.75

NatUral gas/sulfur ratio 1.17 0.873 0.59 1.18 1.17 1.lt 1.18 1.2

Sulfur content in, Wt. % 2.761.9 2.83 2.37 2.11 2.56 2.83 2.12

Sulfur content out, Wt. % 0.74 0.91 1.15 0.93 1.02 1.4t 1.13 1.01

Regeneration Eff. %

(experimental) 8689 75 81 72 56 76 73

87.6 64Regeneration Eff. % (model)
See figures 7, 8, 9 and 10

79.5 80 76 52 80 82

residence tinx: for ~ regen was e&imated at 24 minutes
[121 which is very similar to case dle dash line represents.

Methane to Sulfur Ratio
A change in dle methan o-sulfur feed ratio will Change dle

degree of sorlJent regenerati for a given residence time. The
reaction stoichiometry indi tes dle methane-to-sulfur molar
ratio should be 0.5. There .be inadequacy of reducing agent
for ~omplete sorbent regen~ tion if the molar ratio is less than
O.S.lncreasing dle methane pply (lowering 1], dle inverse of
dle methane-to-sulfur ratio) .accelerate the sorbent regenera-
tion, as the methane p-o1rtial will be increased inside the
regenerator. The high me ne-to-sulfur ratio, howev~r. will
increase the consumption 0 methane and also leave residual
methane in the off-gas These factors should be consid-
ered in plant design togeth r with the byproduct production
using the off-gas stream. Fo the design of a regenerator. the
focus is determining the orbent conversion for a given
methane-to-sulfur ratio an a given sorbent residence time.
Three tests. MBCUO-4-1. CUO-4-2, and MBCUO-4-3, were
dedicated for that purpose. ming that the natural gas was
100>/0 methane, the natural to sulfur-molar ratios were 1.17.
0.873 and 0.59: and the re enerator operated near 850°F
(4540<:). The model predicti ns for three cases were ploned at
the dashed, solid. and dotted lines ~arately. Two faaors need
to be considered in using Eq (24) to predict the residence time.
First, the aaual methane con ent in the feed natural gas is close
to 9QO/o. Second, a portion 0 methane was reaaed by residual



ous sorbent residence £im~ in me regener:lror. Ir is seen thar me

temperature greatly affects ~nt regeneration.

Nitrogen Dilution
~In one case, nitrogen added to the reducing gas into the

regenerator. Nitrogen w ld not likely be used in real applica-
tions, but the tests provide another opportUnity to verify the sim-
ulation model. MBCUO-5-~ and MBCUO-;.2 were both opernred

at near 850°F (454°C) a d 120 minutes residence time. In

MBCUO-;- 1 natural gas was fed to the regenerator, and in
MBCUO-;-2 the nanlral was diluted by an amount of nitro-
gen that was equivalent to ~/o dilution of the regenerator gas.

Adding nitrogen ~ the gas velocity and thus reduces
the gas film iesisrance, aJi(J this effect will increase the reaction
rate. On the other hand, ilie dilution with nitrogen reduces the
IYaItial pressure in the feeq stream, which will slow the reaCtion.
These tWo factors are ~g with each other and the mea-
sured sorbent regeneratiob for 120 minutes residence time are
very close as shown in Flgure 10. The model predictions for
these cases have shown njinima1 effeCt of nitrogen dilution. fig-
ure 10 also shows good ~ment betWeen model prediction
and experimental data on ~rbenr regeneration efficiency.

"
CuO in the sorbent as diSCll5Sed before. After these adjlJstmenrs,
the estimated sulfur-ro-methane molar ratios for the three cases
were 1.1, 1.49 and 2.37.

The model closely agrees with the test data. From these
cwves and data ploned in Figure 8, it can be seen that a surplus
of methane above the stoichiometry requirement will improve
the sorbent regeneration efficiency. It is interesting to note that
when the methane-ro-suifur ratio approaches infinity, the current
simulation model (Eq. 24) will be reduced to the case for a kinet-
ic StUdy using a microbalance apparatus.

CONCLUSIONS I -

A regenerator math~ simulation model has been for-
mulated. This simulation I model uses a modified regenerntion
kinetics model, which wa5 also formulated in this stud)', as the
simulation model's basic quilding block. This simulation model
has incolpornted mass ~ resistance effects into its formulation.
The regenerntor simuladon model compared favornbly with
experimental data gained in life-cycle tests. The model, which
can predict the regeneratfperformance at a different tempern-
cure, different methane.-f9-sul£ur rntio, different partial methane
pressure, and different gaS velocity, will be a useful tool for sen-
sitivity studies and o~um perfonnance searches. From the
model calculations confilJned by actual data from the life-cycle
tests, it is observed that ~ sorbenr can be regenernted by set-
ring the regenerntor temt>ernture at around 8500F (4540<:). and

Temperature Effect

Tests were conduaed ac two differenc levels of regeneration
cemperacure Co evaluace cemperacure effea on sorbent regenera-
tion efficiency ac 60 minuces sorbenc residence time in che regen-
eracor. The sorbenc regeneration efficiendes were 56 % and 72
% at regeneration cemperacures of 815°F (4350() and 876°F
(46C)OC) respectively. The model gives a similar prediaion. The
model prediaion and cest data comparison is plotted in Figure 9.
The dashed line is che calculaced result for 8760F (469OC), and
the solid line is the calculated resulc for 81SOF (4350(;). The dot-
ced line represents model prediction for sorbenc regeneracion

I O.8~

It I

0.8

/0.4

/
0.2

!'I

20 40 60 80 100 120

Residence TIme (mln)

140 180 180

FIGURE 10. Effect of nittogen dilution.FIGURE 9. Sorbent regeneration a[ different [empera[Ure.



two to three hours of residence time will be appropriate for
about 8()O/o sorbent regeneration efficiency. These calculations
and tests show that natural gas is a good agent for sorbent
regeneration in CuO processes, and a continuing S02 absorption
and sorbent regeneration can be realized in the present FETC

process configuration.

DISCLAIMER
Reference in this paper to any spedfic cornmerdal product,

process, or service is to facilitate understanding and does not
necessarily imply its endorsement or favoring by the United
Scares DepaItment of FJ1ergy.
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Dara by Markussen et aI., [5) indicated that the kinetic equa-
tion (7) is only applicable in the initial srages of regeneration;
when the sorbent fractional conversion exceeds 0.6 to 0.7, the
deviation from flrst-order behavior becomes significant. There
also exists an apparent equiliBrium limit for sori)ent regenera-
tion. This limit implies the existence of reverse reactions and dif-
fusion effects, and to account for this behavior the kinetic equa-
tion (7) might be revised to the form of

~=~(l-XA)-~X~ (8)

The second term gives the contribution of the reverse reac-
tion whose rate depends on the concentrations of the products,
which, in turn, are proportional to the conversion XA. The siwa-
tion is more complicated because the reverse reaction occurs on
the surface, and gas absorption and desorption play certain roles
in affecting the reaction rate. For the purpose of modeling the
regenerator, the main goal is to find a kinetic equation that better
represents the available clara for the entire range of sorbent con-
version, and at the same time is consistent with the findings for
small XA. In examining the alrves in reference [5) at 45()oC, it is
found that

-Ref:[6]
00.5

Eq. [10)
-,

1.2 1.22 1.24 1.26 128 1.3 1.32 1.34 1.36 1,38 1.4

1 (degree In K)

FIGURE 2. Temperature dence of rate constant k2.

The second modificati~ introduced is the inclusion of the
temperature dependence fthe rate constants. Plotting k2, K),
and K2 agairu;t If[ (FigUl'es 2 to 4) it can be found that they can
fit well with the following ~ ulas:

~.2S8~ 17.485 -mole

RT
.min-1 atm-1k2 = eXD

80.752!!!!!!.- .

-11.287 + mole
RT

,atm-lK2 aexpappears to fit the Iniaoba1ance data quite well [8]. This equation
approaches a first-{)rder behavior for small XA as given by refer-
ence [6], and the rate constant k) still considers the effeas of sur-
face absorption as described by the Langmuir-Hinshelwood
mechanism. The added exponential form in the first term is
used to help fit the data for intermediate XAI where pore diffu-
sion effectS may playa role in slowing down the reaction rate.
The new kinetic equation used for modeling the reactor takes
the form

0.8

0.8
~

..0.4

0.2

u1.2 1.22 1.24 1.26 1.28 1.3 1.32 1.34 1.36 1.38 1.4

1 (degree In K)

FIGURE 3. Temperature endence of rate constant, k2.

"
~
.e

~ = ~PCH. (1- XA)e-x,
dt 1 + K1PCH. + K2Ps~

-~ I PCH. XA: (9)

This kinetic equation will give lower equilibrium limits when
S02 is present in the gas &ream. as observed in the kinetic study.
Therefore. this form gives a better prediction than a simple
adjustment, which has a fIXed equilibrium limit such as using

~ ~ z..( X -X \
dt "'1.4.. .4 J-

The observed equilibrium limits (8J. XAeq are 0.9; at 4500c,
0.857 at 48(}:1C, and 0.773 at ;100c for 100'/0 Qi4 in the feed gas.
k3' is determined by the equilibrium limits. using

dXA 0 D-= ,at rso.
dt .

approaches rero, and PCH4 approaches] yields

\n-X",
~(l- XA" Fk' -

K )X2 3 -(1 + I A,.

u1.2 1.25 1.3 .35 1.4 1.45 1.5 1.55 1.6

1000(T (degree in K)

FIGURE 4. Temperatur dependence of the equilibrium
constant of °z-



1.340~ .

0.416 + mole
RT

Kt = expl .atm

where R is the molar constant T is the temperature of the
reactor (oK). and 0:H4, are the molar concentrations of GI"
and 502 respectively.

Different from the te ts using the microbalance where the
oversupply of methane eeps its concentration constant and
changes in the concen dons of CcH-I and Cso2 are negligible.
the concentrations of and SOl vary at each different location
in an actual regenerator. key element in deriving a model for
the regenerator is to de ermine the relationship between the
concentrations of CH4 d SOl' and the sorbent conversion ~
at each point in the react .This can be achieved by examining
the material balance an the expansion in gas volume as the
reaction proceeds. Since ere is no accumulation of materials in
a given section betWeen the reactor bottom and across-section
at z in steady-state (Pi ;), the difference betWeen the flow
rates at both ends of the 'on for each species mUst equal the
amount consumed or g erated by the reaction inside the sec-
tion per unit of time. F m the reaction stoichiometry, we can
fulther relate the am of each species consumed or generat-
ed in the section to the ount of sorbem regenerated in the
section. Therefore,

(12)

The equilibrium limits for different temperatures are
interpolated for temperature betWeen 45O<>C to 48O<>C and for
48()oC to 5100c. For temperatures below 45OOC, we ~ume that
the equilibrium limit equals the value at 45OOC, which is 0.95. For
temperatures above 5100c, the equilibrium limit is ~umed to
equal the value at 5100c, which is 0.773.

With these modifications we have a kinetic model that pre-
dicts the reaction rates for various temperatures.

SlMULAJlON OF COUNTERCURRENT MOVING-BED REGENERATORS

In a countercurrent moving-bed regenerator, the sorbent
moves downward in packed granular form. and the reducing
gas CH't enters from the bottom of the reacror and leaves at the
top. Assuming that the sorbent and the gas phase both move in
plug flow, we can express the kinetics at steady-state by the fol-
lowing form:

dX -l-- p. (1- X )e-x.
U ~ = "'2 CH. A + k' p. X2

dz K ) CH. A1 + K\PCH. + zPsDt (13)
(15)

(16)

where F AI FCH41 and F are themoiar flow rates for CuS°4,
CH4' nd SOZI respectiv iy, and the subscripts 0, e denote the
entry and exit conditio for the species of interest. It must be
nOted that CH4 and 4 enter the reactor at op1JQ')ite ends. In
a steady-state plug flow, A can also be written in terms of FA'
such that

-
Replacing the partial pressure with the mole concentration,

we have

dXA --kzCcH.R1'{l- XA)e-X"

~ -u( 1 + K1CCH4 RT + KzCsOj RT)

(14)

FS~~

F A
X a

A

Because the reactio generates more moles of gases than
it consumes, the gas v lume increases from the bottom of
the reactor to the top. e assume that the volumetric flow
rate V of all gases incr ases linearly with the conversion of
methane, and this lea to

V a ~( CR.) (17)

where V 0 is the VOlumttriC gas flow rate at the bonom of the
reactor, and e is the ex ansion ratio. Note the conversion of
med'laneisdefinedas

FcH.XCR. F,
CR..

The stoichiometty of d1 reduction reaction [Eq. (4)J shov..s dtat
the consumption of 0 e mole of methane will generate five
moles of gases. For the isothermal case, the expansion ratio £
equals four. Here, we ve neglected the pressure drop in the
reactor due to the vety I gas flow rate.

XCH4 can be expres ed in terms of the fractional conver-
sion of sorbent throu a mass balance [Eq. (l;)J:

-11-

FCH..

FIGURE 5. Flows in a counterflow moving-bed regenerator.

where z is the vertical coordinate and u is the sorbent velocity

(Fi9;Ure ;).



(18)

where

~
']=--.£-

FcH-.
is che molar flow rntio of CuSO.j. Caution should be used in cal-
rotating TJ for real regenerators, since ir must be noted that some
of the narurnl gas is used in reacting with species ocher than
CuSO.j' For example, when the sorbenr is introduced into the
regenerator, ir contains some unreacred CuO. Since CuO reacts
wich methane at a rate that is faster than CuSO.j [2], che portion
available for reducing CuSO.j is less than che nominal feed. Also,
it should be noted that narurnl gas is not 1000/0 methane in a
commercial setting. Thus, che volumerric gas flow rnte is a func-
tion of sorbent conversion XAI

Integrating Eq. (22) ov1~ the height of the reactor H. we
obtain the sorbent reSident time,

r=-t-
~

as ; ~nction of the overall! sorbent conversion XA.e.

dX

f:'"

(1- XA)e-X,
(p -vXA)

k' X~
3 1 + E~

( X -X )2 A, A

(19)
PCB (a + fJXAJ4. (23)

The concentrations of CHi and S02 at any point inside the
regeneI;ltor can be expressed as functions of sorbent conversion
XA at that point,

-~=
-v

Crl
CORRECTION FOR MASS RESISTANCE

Eq.(23) may underest. ate the required residence time
because it neglects the effi of external ~ transfer resisrance.
This effect should be consi red when the actUal gas velocity
differs from that on which e kinetics is based. This effect is
espeaany important for the sorbent regenerator because of the
slow gas velocity used in regenerator. It is very important to
note that since the sorben carries less than 10% copper by
weight, the CuSO4 content the used sorbent is small. There-
fore, it only needs a small ount of methane to react with the
sorbent, and the gas veloci could be much smaller than the gas
velocity used in kinetics stu .A simple calculation indicates that
the inlet gas velocity of the regenerator used in FETC's current
life-qde test system is abou 0.02 ft/sec (based on void volume)
for a molar feed ratio of uni (11-1). [It is eStimated that the flow
of natural gas is about 0.27 scfm. The internal diameter of the

(20)

lnselting Eqs. (20) and (21) into Eq. (14)and using

F. RTCH4. = P
CH ,4.~

where POi,. is the pressure of narural gas entering the regenera-
tor, we obtain

~ =:.&.p; (1- X ) a + f5X,. e-x, +
dz CH. ,.U .

1.1- vXA
(22) c

~
i
-0;
5
u-
GJ

"i
~

a + fJXA,
x2A

~
-; PCH.. 1 + ei( XA, -XA)

where

'1
1'=2' FIGURE 6. Rate Constant Ivs..gas flow rate in microbalance

test.

+K2PCH..11XA.' I


